Lipooligosaccharides (Nod metabolites) have been shown to be essential for the successful nodulation of legumes. In strains of Rhizobium kguminosarum bv. trifolii, Nod metabolites were detected predominantly within the cell and to a lesser extent in the periplasmic space and the growth medium. The production, and in particular the excretion, of Nod metabolites was restricted by a range of environmental conditions which are associated with poor nodulation in the field. Lowering the medium pH from 7.0 to 5.0, reducing the phosphate concentration from 1 mM to 5 FM KH2PO4, and lowering the incubation temperature from 28 to 18°C affected the number and relative concentrations of the Nod metabolites made. The form and concentration of the nitrogen source affected the relative concentrations of the Nod metabolites produced and excreted. KNO3 concentrations of >10 mM did not affect cell growth rate but substantially reduced the number of Nod metabolites released. Environmental stresses differentially altered Nod metabolite production and excretion in the same strain carrying different introduced nod regions. Strain ANU845(pVLHl) produced and excreted comparatively fewer Nod metabolites at pH 5.0 and at 18°C than strain ANU845(pRI4003). The excretion but not the production of Nod metabolites by strain ANU845(pRtO32) was dependent on the presence of both nodI and nodJ. Tn5-induced nodI and nodJ mutants did not accumulate any metabolites either outside the cell or within the outer membrane or periplasmic space. Recognition that Nod metabolite accumulation is a complex system of production and excretion, with each component responding differently to changes in environmental conditions, has many consequences, both at the molecular level and in the field. The ability of different strains to produce and release Nod metabolites is likely to be a major determinant of nodule occupancy and should be considered when screening strains suitable for adverse environments.
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Successful nodulation of legumes by rhizobia results from a series of complex plant-microbe interactions, which involve the production of specific plant flavonoid compounds as signal molecules (5, 25, 30, 33) . Flavonoids are exuded from roots and cause the induction of nodulation (nod) genes in compatible rhizobia (3, 25) . The expression of these genes can lead to the production and excretion of lipooligosaccharides, which have the ability to elicit a number of plant responses, including root hair curling, initiation of cortical cell division (35, 39) , induction of early nodulation (ENOD) genes (23, 31) , preinfection thread formation, increases in the number of root hairs (40) , and thick and short roots (41) . While the common nod genes (nodABC) are thought to be required for the synthesis of Nod metabolites, other genes, namely nodIJ (which have homology with known active transport proteins), have been implicated in the transport of metabolites across the inner membrane (7), although no conclusive data have been presented to date. In this regard, Spaink et al. (34) have shown that Nod metabolites do not accumulate in the cell and that mutations of nodI or nodJ on the symbiosis plasmid do not affect the excretion of Nod metabolites.
Nodulation compatibility between a particular legume cultivar and a rhizobial strain is determined by the presence of the appropriate genes carried by both the plant and the microbe. However, while combinations of rhizobia and plants can be compatible, nodulation failure can still occur in * Corresponding author. the field (reviewed in reference 29). Poor nodulation, which can lead to substantial loss of yield, has been attributed to a range of environmental conditions, including unfavorable soil pH (reviewed in references 2 and 22) , high salinity (32, 45) , the presence of ions such as aluminum (15, 44) and nitrate (reviewed in reference 37) , and deficiencies in essential elements, including calcium (21, 24, 28) and phosphorus (11, 24, 28) . Soil temperature is also an important environmental variable which affects legume nodulation. In addition to the reduction of nodulation at temperature extremes (reviewed in references 9 and 36), there are also specific temperature-sensitive legume-rhizobium combinations. For example, Rhizobium leguminosarum bv. trifolii TAl forms nodules with Trifolium subterraneum cv. Woogenellup in the laboratory at growth temperatures above 25°C but not below 22°C, although it nodulates a range of other cultivars at the lower temperature (17, 18) . In the field, strain TAl is renowned for its failure to nodulate cv. Woogenellup (8) .
Nodulation failure resulting from unfavorable environmental conditions has been attributed to a variety of mechanisms. Inability to nodulate is often attributed to a breakdown of the early events of nodulation, such as stimulation of root hair curling and formation of infection threads, and can occur even when the growth of the individual partners is not unduly affected by the limiting condition. Factors that have been proposed to restrict these early events of nodulation include salinity (32, 45) and low levels of calcium (26, 27) or phosphorus (1, 11, 16 tion from subclover roots of flavonoid compounds required for nod gene induction in R. leguminosarum bv. trifolii was reduced when the plants were grown at a pH of <5 (26) . Low pH and increased aluminum concentrations were also shown to restrict nod gene induction in R. leguminosarum bv. trifolii, although this effect could be partially reversed by addition of calcium (27) . The presence of combined nitrogen also limits the nodulation of legumes (37) . While nitrogen (as ammonia) has been shown to limit the induction of the nodABC genes (6), the level which caused depressed induction [30 mM (NH4)2SO4] is higher than would be found in most field situations. Dusha et al. (6) also found no effect of KNO3 (up to 70 mM) on the expression of nodABC genes. The increasing use of molecular techniques enables us to relate a number of field-based observations to precise effects upon plant-microbe interactions. In this study, we have examined Nod metabolite production and excretion in relation to a range of environmental conditions which have often been reported as delaying, limiting, or preventing the nodulation of otherwise compatible legumes and rhizobia. In particular, we have shown that the successful release of Nod metabolites is a two-component system of production and excretion (which requires the presence of nodIJ), with both components affected by changes in environmental conditions.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are described in Table 1 .
Media. Cells were grown in BIII medium (12) or acid stress medium (ASM) (27) as indicated. Variations in pH, mineral composition, and growth temperature are described in the text. Seeds were germinated and grown on modified Fahraeus (F) medium (43) .
Radioactive labelling of Nod metabolites. Cells were grown as batch cultures in 10-ml Falcon tubes by a modification of a described method (34 water-saturated n-butanol as described by Spaink et al. (34) with the following modifications. After cell centrifugation, the supernatant fraction (containing the excreted Nod metabolites) was separated from the cell pellet (containing cell-associated Nod metabolites), and each was extracted separately. Also, the butanol was removed by evaporation overnight in a fume cabinet, and the dry matter was resuspended in 30 RI of water-saturated n-butanol. Samples were stored at 4°C. To determine whether Nod metabolites were associated with the outer membrane and the periplasmic space, selected pellets (as indicated in the text) were treated with lysozyme-EDTA (10). After centrifugation (8,000 x g for 5 min), the supernatant and pellet fractions were extracted in butanol as above. Nod metabolites (4 ,u for pellets and 6 RI for supernatants) were separated by thin-layer chromatography (TLC) with C18 reverse-phase plates (Sigma) with acetonitrile-water (49:51) as the solvent system. Radioactivity was visualized with a Phosphorlmager (Molecular Dynamics) after exposure for 24 ,uM DHF in 50-ml cultures in 250-ml conical flasks. The cultures were incubated at 28°C and shaken at 200 rpm on an orbital shaker. Nod metabolites were extracted from the growth medium with redistilled, water-saturated n-butanol (50 ml) as described above. After concentration to 10 ml, 100 ,u of the butanol extract was added to sterile petri dishes. When the butanol had evaporated, 40 ml of Fahraeus medium containing 1% agar was added. Surface-sterilized T. subterraneum seeds were allowed to germinate at 22°C for 24 h before being placed on the medium containing the butanolextracted metabolites and observed for root hair curling at 2-h intervals. As a negative control, 100 RI of n-butanol without Nod metabolites was added to plates to assess any effects on plant growth and root development. (Fig. 1A, lane 1) . When the other parameters were kept constant but the pH was reduced from 7.0 to 5.0 (Fig. 1A, lane 5) , six of the excreted Nod metabolites were reduced in intensity and one was not detected at all. Similarly, both the number and the intensity of cell pellet-associated Nod metabolites were reduced when the pH of the growth medium was reduced to pH 5.0. The effect of lowering the pH on Nod metabolite release under these conditions was greater in strain ANU845(pWLH1), which has the nod region from the acidsensitive strain ANU794. This strain excreted a range of Nod metabolites similar to that of ANU845(pRI4003) at pH 7.0 (Fig. 1A, lane 17 ), but at pH 5.0, not only were three Nod metabolites not detected, but also five others were substantially reduced in concentration (Fig. 1A, lane 21) . Lowering the pH also caused a large decrease in the amount of Nod metabolites associated with the cell pellet, but the decrease was not as severe as for the excreted metabolites (Fig. 1B,  lanes 19 and 23) .
The influence of backgrounds which have different acid sensitivities on the production of Nod metabolites was examined with strains ANU843 and ANU794, containing plasmid pGMI515. This plasmid contains the host range nodulation genes from Rhizobium meliloti, including nod-PQH, which collectively add an S03 group to the lipooligosaccharides, enhance the amount of Nod metabolites made by each strain, and change the mobility pattern of the Nod metabolites produced. As expected, the selection of Nod metabolites produced by these hybrid strains was completely altered compared with those of their respective parental strains. Studies with 35S radiolabel showed that all the Nod metabolites were sulfonated, unlike the Nod metabolites from strains ANU843 and ANU794, which did not contain any sulfonated groups. This indicated that the R. meliloti host range genes that mediate sulfonation (nodPQH) were dominant over the resident host range genes of R leguminosarum bv. trifolii. At 28°C and in the presence of 1 mM KH2PO4, the faster-migrating sulfonated Nod metabolites characteristic of R. meliloti are clearly evident at pH 7.0, in both the ANU843 (Fig. 2, lane 1) and the acidsensitive ANU794 (Fig. 2, lane 9) backgrounds. At pH 5.0, both ANU794(pGMI515) and ANU843(pGMI515) showed a reduced number and intensity of Nod metabolites, but the metabolites were more severely reduced in strain ANU794 (pGMI515).
Phosphate is a key parameter in the production and excretion of Nod metabolites. The production and excretion of Nod metabolites are clearly sensitive to the phosphate concentration in the growth medium. Reduction of the phosphate concentration from 1 mM to 5 p,M KH2PO4 (a level not unusual in Australian soils) resulted in no changes in the number or the intensity of DHF-inducible Nod metabolites associated with the pellets of strains ANU845(pRI4003) and ANU845(pWLH1) at pH 7.0 (Fig. 1B) . However, the lower phosphate concentration resulted in significant reduction in the concentration of over half of the excreted Nod metabolites by both strains. A low-pH, low-phosphate growth medium caused a marked reduction in the production, and in ii 1 (Fig. 1) . The strains ANU794(pGMI515) (Fig. 2) and ANU845 (pWVLH1) (Fig. 1) .,,^> 'A6. :. ; _7 s_#_f _ .
-' i _ ' " _ T f -_ , s s f R D , 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 phosphate levels and at both pH 5.0 and 7.0. Cell-associated Nod metabolites were also reduced, but the biggest loss occurred in the released metabolites (Fig. 1) . Form and concentration of the nitrogen source affect the production and excretion of Nod metabolites. To assess the effect of different nitrogen sources on Nod metabolite production, strain ANU845(pRI4003) was grown at 28°C in ASM plus 1 mM KH2PO4, with KNO3 or (NH4)2SO4 replacing sodium glutamate as the sole nitrogen source. Although high concentrations (50 mM) of KNO3 caused substantial reductions in excreted Nod metabolites, production of these compounds (albeit reduced) was still evident when the metabolites associated with the cell pellet were examined (Fig. 3) . Addition of KNO3 to the growth medium at a lower concentration (10 mM) resulted in a full range of excreted Nod metabolites but with distinct changes in their relative concentrations. In contrast, growth in the presence of 10 or 50 mM (NH4)2SO4 allowed excretion of the full range of Nod metabolites.
Role of nodUI on the excretion of Nod metabolites. The essential role of nodIJ in the excretion of Nod metabolites is clearly shown in Fig. 4 associated with the cell, the outer membrane, and the periplasmic space and also released Nod metabolites into the growth medium (Fig. 4) . The relative ratios of major 14C-labelled Nod metabolites that accumulated in the cell pellet, the periplasmic space, and the growth medium were calculated. When ANU845(pRI4003) was grown at 28°C and pH 7.0 with 1 mM KH2PO4, approximately 50% of the major Nod metabolites accumulated in the cell, 30% in the growth medium, and 20% in the outer membrane and periplasmic space.
DISCUSSION
The failure of otherwise compatible rhizobia and legumes to form nodules as a result of certain environmental conditions is an ongoing problem of great commercial and academic interest. The data we have provided in this article point to how specific environmental conditions affect two of the essential steps of nodulation-the production and excretion of Nod metabolites. In Australia, where large areas of broad-acre cropping are based on legume rotation, the soils are often low in nutrients (particularly phosphate) as well as being of low pH. We (6, 26, 27) (1, 11, 20) (18) . Moreover, it is apparent from Fig.   1 that, although extensive signal production is evident at 28°C, lowering the temperature to 18°C markedly reduced the release of Nod metabolites, even though this strain maintained a growth rate similar to that of ANU845 (pRI4003) at 18°C. It is clear from this result that there is a qualitative and a quantitative difference in the ability of the nodulation regulons to operate in the same background. This may imply a direct effect of environmental conditions on transcription, translation, or posttranslation events that affect the production and excretion of Nod metabolites. Since there is such a substantial difference in the Nod metabolites produced by the same strain under different conditions, caution should be exercised in interpreting minor variations in Nod metabolite patterns between related strains. The variation in the production and excretion of the Nod metabolites of a particular strain at 28°C in laboratory media may bear little relationship to the pattern produced in the field. Indeed, if bacterial membrane fatty acid moieties are used in Nod metabolite production, as has been hypothesized (33) , the degree of saturation of the fatty acids may vary, and hence the structure of the acyl moiety of the Nod metabolites produced at 18°C may differ from that of those produced at 28°C. The conditions used to grow strains in this study are more relevant to field situations than those commonly used to grow strains for structural determinations of the Nod metabolites.
Interestingly, the general loss of Nod metabolite production and excretion which occurred when cells were grown at pH 5.0 rather than pH 7.0 was much less pronounced when the growth temperature was simultaneously reduced to 18°C with a phosphate concentration of 1 mM. Under these conditions, some of the more slowly migrating metabolites increased in intensity while the faster-migrating metabolites were absent. It is conceivable that this reflects changes in membrane structure and function under these conditions or structural variations in the Nod metabolites. Much work needs to be done in this area of environmental impact on plant-microbe interactions. Other environmental stresses, such as high levels of Al and salinity, may well affect nodulation by reducing the production and excretion of Nod metabolites. It is not known which of the 10 Nod metabolites excreted by R. leguminosarum bv. trifolii are critical for initiation of plant responses. Identification of these metabolites may allow a convenient method of screening suitable strains for effective nodulation in adverse environments.
